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a b s t r a c t

We used functional magnetic resonance imaging (fMRI) to examine affective control longitudinally in a

group of patients with bipolar disorder (BD). Participants comprised 12 BD patients who underwent

repeated fMRI scans in euthymic (n¼11), depressed (n¼9), or hypomanic (n¼9) states, and were

compared with 12 age-matched healthy controls. During fMRI, participants performed an emotional

face-word interference task with either low or high attentional demands. Relative to healthy controls,

patients showed decreased activation of the cognitive control network normally associated with conflict

processing, more severely during hypomania than during depression, but regardless of level of task

demand in both cases. During euthymia, a decreased response to conflict was observed only during the

high load condition. Additionally, unlike healthy participants, patients exhibited deactivation in several

key areas in response to emotion-conflict trials – including the rostral anterior cingulate cortex during

euthymia, the hippocampus during depression, and the posterior cingulate cortex during hypomania. Our

results indicate that the ability of BD patients to recruit control networks when processing affective

conflict, and the abnormal suppression of activity in distinct components of the default mode network,

may depend on their current clinical state and attentional demand.

& 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Bipolar disorder (BD) is a common and severe psychiatric

illness characterized by episodes of extreme changes in mood

state, ranging from major depression to mania. A better under-

standing of the cerebral mechanisms and impact of mood switch-

ing in BD is crucial in order to develop or improve treatments for

this disorder. Functional neuroimaging studies in patients with BD

have evidenced changes in limbic and prefrontal networks relative

to healthy people (for reviews, see Blond et al., 2012; Townsend

and Altshuler, 2012), suggesting anomalies in neural circuits

involved in affective regulation that are potentially responsible

for emotional homeostasis or its loss (Strakowski et al., 2012).

However, few studies have sought to determine a neural signature

of BD in different mood states. Furthermore, most of these

previous imaging studies used cross-sectional designs in different

patient groups, an approach that limits comparison between the

different clinical states due to inter-subject differences. A few

follow-up studies, however, scanned a single group of BD patients

in two sessions – i.e., two mood states – allowing investigation of

both mood-dependent and -independent anomalies (Caligiuri et

al., 2006; Marchand et al., 2007; Kaladjian et al., 2009; Chen et al.,

2010; Cerullo et al., 2012). These studies indicated that changes in

the activity and connectivity of limbic and subcortical structures

such as the basal ganglia, amygdala and hippocampus, as well as in

the medial frontal cortices, may occur when switching between

affective episodes to euthymia or vice-versa.

Here we aimed at investigating neural changes in affective control

networks by scanning the same patients in three different mood states

(euthymic, depressed, and hypomanic) while they performed an

emotional interference control task. In this task, verbal affective labels

were superimposed on fearful and joyful faces, producing either
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congruent or incongruent emotion conditions. In addition, we

manipulated the cognitive demand across two task conditions (easy

and hard) to examine whether attentional resource availability can

modify the effect of emotion interference (Pourtois et al., 2013). We

expected that this paradigm would modulate lateral prefrontal and

anterior cingulate networks which are reliably modulated by emo-

tional as well as non-emotional conflict conditions (Roberts and Hall,

2008; Chechko et al., 2012).

In previous studies of conflict processing in bipolar disorder,

euthymic patients demonstrated decreased activation in frontal-

parietal networks and basal ganglia structures when processing

non-emotional conflict (Kronhaus et al., 2006; Pompei et al., 2011)

and task-irrelevant emotional information (Malhi et al., 2005). In

addition, abnormal connectivity between prefrontal and limbic/

paralimbic areas has been reported in euthymic patients during a

Stroop task (Pompei et al., 2011b). Only one neuroimaging study

tested euthymic as well as depressed and manic BD patients while

performing a Stroop task (Blumberg et al., 2003), finding both

common and differential effects of conflict in distinct ventral

prefrontal areas. On the other hand, results from working memory

and sustained attention paradigms suggest that patients with BD

may show insufficient modulation of lateral as well as ventrome-

dial prefrontal areas in high-demanding conditions (e.g.,

Strakowski et al., 2004; Townsend et al., 2010; Pomarol-Clotet et

al., 2012; Fernández-Corcuera et al., 2013). Thus, in patients with

BD, the processing of emotion-conflict trials in prefrontal networks

might be differentially affected by the current mood state, either

directly or indirectly through changes in attentional task demands.

By using our follow-up protocol in the same group of BD patients,

we could directly assess whether an alteration of the control network

response to conflict and task demand, with corresponding changes in

prefrontal limbic areas, would be associated with changes in the mood

state and vary according to the polarity of mood episodes (depression

vs. hypomania). Based on previous findings, we expected that, during

euthymia, patients with BD would show attenuated response in

control networks during emotion-conflict trials, relative to healthy

individuals, while depression and hypomania might lead to both

common and mood-specific changes in the same networks. We also

expected abnormal modulation of ventromedial and lateral prefrontal

cortices by task load, although these effects were less predictable due

to the novelty of the paradigm in patients with BD. More critically,

based on previous follow-up studies of BD patients (e.g., Cerullo et al.,

2012), we expected that activation patterns may change depending on

mood episode polarity, specifically in limbic and prefrontal areas

associated with emotion regulation and cognitive control.

2. Methods

2.1. Participants

The study protocol and the informed consent procedure received approval from

the ethics committee of the Geneva University Hospitals. Table 1 provides a

demographic and clinical description of the patients and controls.

Twelve subjects with BD were recruited from the outpatient unit “Mood

Disorder Program” of the Geneva University Hospitals. The diagnosis of bipolar

disorder was based on the DSM-IV-TR criteria and confirmed by the Mini-

International Neuropsychiatric Interview (M.I.N.I.; Sheehan et al., 1997) adminis-

tered by a trained clinician. Eight patients met criteria for at least one other lifetime

Axis I psychiatric disorder. All patients were medicated during the follow-up study.

For seven patients, the medication changed qualitatively during the follow-up due

to clinical considerations of the therapist in charge.

Twelve healthy controls matched for gender, age, handedness, and level of

education were recruited via advertisements on web sites. These control partici-

pants had no history of neurological illness or Axis I psychiatric disorders as

assessed by the M.I.N.I.

2.2. Follow-up sessions

During the follow-up period (1473 months in average), patients completed

several experimental sessions, with an average interval of 2.8 months (71.8)

Table 1

Demographic and clinical variables.

Bipolar disorder patients n¼12 Healthy controls n¼12 Patients versus controls

Age, years 42.6 (11.4) 41.3 (12) t(22)¼0.27, ns

Gender 8 m, 4 f 8 m, 4 f

Handedness 3 left-handed, 1 ambidextrous 3 left-handed

Education, years 11.8 (3.4) 10.8 (2.4) t(22)¼0.79, ns

Diagnosis 7 BD-I; 4 BD-II; 1 BD-NS –

Age onset 20.8 (8.9) –

Illness duration 21.8 (9.9) –

Lifetime presence of:

GAD 4 –

Social phobia 2 –

Panic disorder 1 –

OCD 1 –

PTSD 1 –

ADHD 3 –

Subst. use disorder 4 (2 past, 2 current) –

Medication:

Mood stabilizers 9–12 (lithium, lamotrigine, valproate) –

Antipsychotics 6–8 –

Antidepressants 4 –

Benzodiazepines 1–2 –

Psychostimulants 2 (for comorbid ADHD) –

Mood state Euthymic (E) Depressed (D) Hypomanic (H) Controls (C) Group/mood comparison

Individuals, n 11 9 9 12

Sessions, n 17 13 12 24

YMRS score 1.9 (2.0) 0.5 (0.6) 13.3 (3.3) 0.5 (1.1) H4E¼D¼C

MADRS-S score 4.3 (3.2) 15.3 (3.4) 1.6 (1.6) 1.0 (0.9) D4E4H¼C

Mean (standard deviation) are provided for age, illness duration and clinical scores. Abbreviations: GAD¼general anxiety disorder; OCD¼obsessive-compulsive disorder;

PTSD¼post-traumatic stress disorder; ADHD¼attention deficit and hyperactivity disorder (reported in the patients' medical records).
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between successive sessions. Each session began with a systematic psychometric
assessment of mood including the clinician-rated Young Mania Rating Scale (YMRS;
Young et al., 1978; French version: Favre et al., 2003), the self-rated Montgomery–
Åsberg Depression Rating Scale (MADRS-S; Svanborg and Asberg, 1994; French
version: Bondolfi et al., 2010), and the self-rated Internal State Scale (Bauer et al.,
1991). Based on these scales, we classified the affective status of the patients in
each session in three different mood states labeled as hypomania/euthymia/
depression. For the YMRS score, we used the standard cut-off (6) of the French
version (Favre et al., 2003); for the MADRS-S, we used a cut-off of 12 (e.g. Hedborg
and Muhr, 2011). In addition, ISS scores (Bauer et al., 2000) were used to categorize
sessions associated with MADRS-S scores between 10 and 12 (two cases). These
criteria yielded three categories of “hypomania” (YMRS score Z6; MADRS-S score
o10), “depression” (MADRS-S score Z12, or 10–12 with ISS categorization into
depression; YMRS o6), and “euthymia” (MADRS-S score o10; YMRS score o6).
Applying these criteria to our sample, we obtained data from six patients in the
three mood states, from five patients in two states, and from one patient in one
state only. For each patient, one or two sessions were obtained in the same mood
state (see Table 1 for distribution of the 42 sessions).

To control for any effect of habituation or learning, we also scanned healthy
control participants in two sessions separated by an average of 2.1 months (70.4).

2.3. Emotional conflict task

We developed this task based on the emotional conflict task used by Etkin et al.
(2006). Fearful and joyful faces (half female, half male) were presented with the
French words “joie” [joy] or “peur” [fear] written across them. Subjects were asked
to report the emotional expression of the face, by pressing one of two response
buttons, while ignoring the word. We also modulated the attentional demand
across two conditions. In the low load (easiest) condition, each emotion category
(joy or fear) was always associated with the same response button. In the high load
(most difficult) condition, the response button depended on the gender (Fig. 1).
Task implementation resulted in a 2 (Load)�2 (Congruence)�2 (Emotion) design
with 24 trials for each of the eight conditions (see Supplementary material for
further details). During each fMRI session, participants performed a different
version of the interference task (with a different response mapping), for which
they were trained just before entering the scanner.

2.4. Data acquisition and processing

Neuroimaging data were collected using a 3T Magnetom TIM Trio scanner
(Siemens, Germany) and a 32-channel head coil (see Supplementary material for
acquisition parameters).

Image processing and statistical analyses were carried out using standard
procedures implemented in SPM8 (www.fil.ion.ucl.ac.uk/spm). Functional images
were realigned, slice-time corrected, normalized to the standard Montreal Neuro-
logical Institute EPI template, and spatially smoothed with an 8-mm kernel.

2.5. Data analysis

2.5.1. Clinical and behavioral analysis

Clinical scores were compared with the Student t-test or the Mann–Whitney
U-test. Accuracy (percentage of correct responses) and response times were
analyzed for each group and each mood state via analyses of variance (ANOVAs).
We also used ANOVAs to examine potential effects of mood and differences
between patients and controls. Post hoc tests on significant results were planned
via Tukey's honestly significant difference test.

2.5.2. Neuroimaging

Statistical inferences were drawn using a random effects General Linear Model
(GLM) approach as implemented in SPM8. To avoid the possibility that some
patients would differentially contribute to the second level analysis depending on
the number of sessions in a given mood state at the first level, we constructed one
single design matrix for each subject including all his sessions. For each session, we
modeled eight conditions (using correct trials only): 2 Load (high, low)�2
Congruence (congruent, incongruent)�2 Emotion (joy, fear) as eight separate
regressors convolved with the canonical form of the hemodynamic response
function. We included six realignment parameters and one error condition as
additional regressors of non-interest in the model, plus a high-pass filter of 128 s to
account for low-frequency noise of the scanner. For each subject and each mood

state, we computed one simple main effect contrast for each of the eight conditions
separately (against implicit baseline), which was then used for within-group
analyses. We also generated individual statistical images for the specific pairwise
contrasts of [incongruent vs. congruent trials], [high load vs. low load trials], and
for the interaction between load and congruence [high load (incongruent–con-
gruent) vs. low load (incongruent–congruent)]. These were used for the subsequent
between-group and between-state comparisons.

At the second level (random effect), between-group and between-mood analyses
were performed using two-sample t-tests. For each of the pairwise contrasts described
above, brain-activation patterns were compared between healthy controls (HC) and
patients in each mood state (HC vs. BD euthymia, HC vs. BD depression, HC vs. BD
hypomania), and then in patients only between the three mood states (euthymia vs.
depression vs. hypomania). Due to our first level analysis procedure, all patients in the
second level analysis had the same number of contrast images in a given state. The
resulting activation maps were thresholded at po0.001(uncorrected) with a minimum
cluster size of 5 continuous voxels. Statistical inferences were corrected for multiple
comparisons using Gaussian random field theory at the voxel level in a small spherical
volume (radius 10mm) around a priori locations of structures of interest, taken from the
relevant literature on conflict processing, attentional load, and bipolar disorder (see
Table 2). Task conditions� group/mood interactions were further clarified and visua-
lized by extracting parameter estimates of activity (beta weights) from the relevant
clusters for each subject in each condition. When appropriate, these beta weights were
submitted to additional ANOVAs to examine the interactions between experimental
conditions and group or mood.

3. Results

3.1. Clinical scores

Mean scores (standard deviations) on clinical scales are pro-
vided for each group and each mood state in Table 1, together with
statistical results from group and mood comparisons. These data
confirmed significant mood differences between groups and
between sessions in patients. Of note, treatment regimens did
not differ between euthymia, depression, and hypomania (see
contingency table in Supplementary Table S1).

3.2. Behavioral responses

Fig. 2 presents graphic plots of response times and accuracy. All
conditions combined, patients were generally slower than con-
trols, whatever the mood state (po0.01 in euthymia and depres-
sion, po0.05 in hypomania). Accuracy was comparable between
groups and sessions, except for slightly lower performance during
depression relative to euthymia (po0.05) and to healthy controls
(po0.05).

Further analyses of behavioral data across the different task
conditions confirmed a reliable Stroop interference effect (on both
reaction times and accuracy) in controls as well as in patients in each
mood state (see Supplementary material and Table S1). However,
between-mood comparisons revealed a loss of the conflict effect on
reaction times in patients during hypomania relative to euthymia
(Mood�Congruence interaction, po0.05), and between-group com-
parisons revealed a slightly greater effect of conflict on reaction times
in patients during euthymia relative to controls (Group�Congruence
interaction, po0.05). No other significant between-mood or between-
group interaction was found.

Fig. 1. Face-word interference task. Participants have to identify the facial expres-
sion while ignoring the word (low load task, left panel), or to identify both the
facial expression and gender while ignoring the word (high load task, right panel).
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Table 2

Differential effect of conflict and load in patients compared to controls.

Anatomical label BA MNI coord. Z pSVC CoordSVC RefSVC

A. Patients during hypomania versus controls

HC vs. BD hypomania: Group�Congruence

Patients show deactivation to conflict [congruent4 incongruent]

L dorsal PCC 23 �9, �19, 40 3.32 0.021 �7, �20, 45 (5)

R dorsal PCC 23 3, �19, 43 3.30 0.023 �7, �20, 45 (5)

L/R ventral PCC 31 �3, �43, 31 3.36 0.019 �9, �44, 37 (5)

Patients show lower activation to conflict [incongruent4congruent] than controls

L precG 6 –48, 8, 40 3.34 0.020 �43, 5, 35 (1)

L IFG 45 �39, 14, 22 3.86 0.004 �42, 10, 26 (3)

R IFG 9/46 45, 14, 22 4.25 0.001 48, 10, 31 (1)

L orb. IFG/insula 47 �39, 23, �8 3.63 0.009 �34, 25, �1 (7)

R orb. IFG 47 45, 35, �5 4.17 0.002 36, 31, �8 (9)

L ant. MCC 32 �3, 14, 37 3.81 0.005 1, 12, 47 (1)

R ant. MCC 32 6, 17, 43 3.89 0.004 1, 12, 47 (1)

L pre-SMA 6 9, 14, 46 3.65 0.008 1, 12, 47 (1)

R pre-SMA 8 �3, 14, 55 3.27 0.025 1, 12, 47 (1)

L SPL 7 �27, �64, 52 3.50 0.013 �22, �64, 46 (2)

R IPL/SPL 40 42, �55, 49 3.34 0.020 41, �51, 46 (1)

L MTG/STG 22/39 �54, �55, 13 4.73 0.034n

R MTG/STG 22/39 51, �40, �11 3.98 0.003 54, �47, �6 (5)

L thalamus – �12, �22, 4 4.08 0.002 �8, �27, 5 (7)

R thalamus – 18, �25, 4 4.04 0.002 16, �17, 8 (8)

L putamen – �21, 2, 4 3.53 0.012 �26, �4, 4 (7)

R putamen – 18, 5, 1 3.46 0.014 24, 4, 2 (7)

L pallidum – �24, �10, 4 3.49 0.013 20, �8, �8 (7)

HC vs. BD hypomania: Group� Load

Patients show lower activation to load [high4 low] than controls

R insula/IFG 47 33, 26, 4 4.31 0.001 34, 25, 3 (7)

L IFG/MFG 46 �39, 29, 19 3.73 0.006 �48, 30, 16 (3)

L precuneus 7 �12, �67, 40 3.55 0.011 �18, �72, 42 (2)

L IPL 40 �36, �55, 34 3.30 0.022 �36, �49, 34 (6)

R thalamus – 12, �10, 1 3.23 0.027 16, �17, 8 (8)

B. Patients during depression versus controls

HC vs. BD depression: Group�Congruence

Patients show lower activation to conflict than controls [incongruent4congruent]

L precG 6 �42, �4, 52 3.46 0.015 �38, �6, 44 (4)

R IFG 46 45, 14, 22 3.39 0.018 48, 10, 31 (1)

HC vs. BD depression: Group� Load�Congruence

Patients show deactivation to conflict [congruent4 incongruent] in high load condition, not controls

L hippocampus – �27, �13, �14 3.73 0.007 �24, �20, �10 (7)

R hippocampus – 24, �10, �20 3.40 0.018 24, �3, �17 (9)

HC vs. BD depression: Group� Load

Patients show lower activation to load [high4 low] than controls

L/R thalamus – �6, �7, 4 3.85 0.005 �14, �4, 4 (6)

C. Patients during euthymia versus controls

Anatomical label BA MNI Coord. Z pSVC CoordSVC RefSVC

HC vs. BD euthymia: Group�Congruence

Patients show lower activation to conflict [incongruent4congruent] than controls

R MFG 9 39, 20, 34 3.52 0.011 46, 16, 30 (2)

Patients show deactivation to conflict [congruent4 incongruent], not controls

L rostral ACC 32/10/24 �12, 38, 4 3.85 0.004 �18, 41, �5 (7)

L ventral PCC 31/23 �6, �40, 28 3.21 0.027 �9, �44, 37 (5)

HC vs. BD euthymia: Group� Load�Congruence

Patients show lower activation to conflict [incongruent4congruent] than controls in high load
þPatients also show higher activation to conflict [incongruent4congruent] than controls in low load

R pre-SMA/medial SFGþ 6/8/32 12, 14, 46 4.05 0.002 10, 18, 38 (3)

L pre-SMA/medial SFGþ 6/8/32 �9, 17, 43 3.49 0.014 �4, 20, 38 (3)

R IFG/MFG 9/46 36, 29, 19 3.40 0.018 32, 38, 22 (2)

R MFG 6 30, 8, 58 4.34 0.001 28, 1, 57 (6)

L precGþ 6/9 �48, 2, 28 3.52 0.008 �43, 5, 35 (1)

R precG 9 51, 5, 34 3.28 0.026 48, 10, 31 (1)

L IPLþ 40 �42, �49, 40 3.72 0.007 �36, �49, 34 (6)

R IPL 40 36, �58, 40 3.59 0.010 38, �52, 45 (6)

Note: All the regions reported are significantly activated at po0.001 (uncorrected) and at po0.05 after small volume correction (SVC) excepting for the following: pSVC: p

value after SVC; CoordSVC and RefSVC: MNI coordinates and reference used for the correction.

For small volume correction, we used findings from conflict processing literature: two meta-analyses of conflict processing studies: (1) Roberts and Hall (2008) and (2) Nee

et al. (2007); two recent studies using face-word interference task (without load factor): emotional (3) Chechko et al. (2012) and non-emotional (4) Krebs et al. (2013); one

study of task-induced deactivation during stroop performance: (5) Harrison et al. (2011). We also used (6) one meta-analysis from 221 studies with the factor ‘Load’ by

Neurosynth.org (reverse inference, selection of the peak as a function of the Z score), and three meta-analyses of studies in BD patients: (7) Chen et al. (2011); (8) Houenou

et al. (2011); (9) Delvecchio et al. (2012).

Abbreviations: ACC/MCC/PCC: anterior/middle/posterior cingulate cortex; IFG/MFG/SFG: inferior/medial/superior frontal gyrus; IPL/SPL: inferior/superior parietal lobe;

precG: precentral gyrus; SMA: Supplementary Motor Area; MTG/STG: middle/superior temporal gyrus.
n significant activation at po0.05 corrected over the entire brain volume (family-wise error correction).
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3.3. fMRI results

We first describe the effects found in controls and in patients in

each mood state separately (voxelwise threshold of po0.001

uncorrected), and then detail the between-group and between-

mood comparisons (voxelwise po0.001, FWE po0.05 with small

volume correction).

3.3.1. Brain activations in controls and in patients as a function of

mood state

A complete overview of brain activations in controls and in

patients as a function of mood state is reported in Supplementary

Tables S3–S6. Our main analysis focused on the emotional conflict

effect (different vs. same emotion conveyed by word and face, i.e.,

incongruent vs. congruent trials). Because the emotional category

of faces was orthogonal to the task-relevant factors, fear- or joy-

specific effects are not described in detail, but for completeness

within-group results concerning Emotion category are also

reported in the Supplementary Table S7.

3.3.1.1. Controls. In the critical contrast between incongruent versus

congruent face-word trials, the healthy controls showed strong

bilateral prefrontal activations predominating in the inferior frontal,

middle frontal, and precentral gyri (IFG/MFG/precG), together with

activations in the pre-Supplementary Motor Area (pre-SMA) and

middle cingulate cortex (MCC), plus parietal, temporal, and thalamic

regions (Fig. 3a and Supplementary Table S3). These effects are

consistent with other studies on response conflict and executive

control (e.g. Chechko et al., 2012). Partly overlapping regions also

showed a significant main effect of task load (high4low), including

lateral prefrontal cortex (IFG/MFG/precG), pre-SMA, parietal cortex,

thalamus, as well as insula (Supplementary Table S3).

3.3.1.2. Bipolar disorder. The patients showed only limited

activations in the main contrast of incongruent versus congruent

trials, and only during euthymia and depression (see

Supplementary Tables S4 and S5). In both cases, we observed a

main activation cluster in the left precG/IFG (Figs. 3b and c), but no

recruitment of other prefrontal and parietal areas. In addition,

during euthymia, we observed a significant Load�Congruence

interaction in several regions (Fig. 3b). As indicated by further

analyses of beta values extracted from these regions, euthymic

patients showed significant activation to incongruent relative to

congruent trials in the low load condition (but not in the high load

condition) in the right precG/IFG, right inferior parietal lobe, and

medial superior frontal gyrus (SFG).

Fig. 2. Behavioral results. The mean (7SE) response accuracy (top) and response

times (bottom) are shown for healthy controls and bipolar disorder (BD) patients in

each mood state.

Fig. 3. Brain activations elicited by emotion conflict trials (po0.001 uncorrected). (a) In healthy controls: greater activation to incongruent than congruent trials was found

in bilateral IFG/MFG/precG, plus pre-SMA/MCC, parietal cortex, and temporal regions. (b) In BD patients during euthymia: the same contrast (incongruent4congruent)

activated only the left precG/IFG (left panel). Activations were also found in medial SFG, right precG and right angular gyrus for the same contrast (incongruent4congruent)

only during the low load condition (right panel). Activations displayed here were obtained by inclusively masking the Load x Congruence interaction (po0.001 unc.) with

the contrast of “incongruent minus congruent trials” in the low load task (po0.001 unc.). (c) In BD patients during depression: the same contrast (incongruent4congruent)

activated only the left posterior IFG. L: left; R: right.
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On the contrary, the patients still showed significant increases

in lateral prefrontal areas, MCC/pre-SMA and parietal areas in the

contrast high4 low load task, although this effect reached sig-

nificance only during euthymia and depression (Supplementary

Tables S4 and S5). Thus, while most prefrontal areas showed

combined effects of congruence and load in healthy controls, only

the effects of load were preserved in patients, at least during

euthymia and depression. During hypomania, we found no

increases for the incongruent compared with congruent trials,

nor for the high compared with low load conditions (Supplemen-

tary Table S6).

Remarkably, unlike healthy controls, patients showed signifi-

cant activations in the reverse contrast, i.e., congruent minus

incongruent trials. Furthermore, these effects differed as a function

of mood state. Thus, when euthymic, the patients showed deacti-

vation to incongruent relative to congruent trials in the anterior

cingulate cortex (ACC), implicating a large cluster covering both

the pregenual and subgenual components of this area. Additional

deactivations were also found in several other regions in the high

load condition, including the MCC extending to the posterior

cingulate cortex (PCC), and the postcentral gyrus (Supplementary

Table S4). When hypomanic, the patients showed a different

deactivation to incongruent trials (whatever the task load), mainly

encompassing the dorsal PCC and MCC, but also the rostral ACC, as

well as to a lesser degree the precuneus, postcentral gyrus,

dorsolateral prefrontal cortex, and temporal areas (Supplementary

Table S6). Finally, when depressed, patients showed a selective

deactivation in response to incongruent trials in the left hippo-

campus, but only during the high load condition, leading to a

significant Load�Congruence interaction (Supplementary Table S5).

3.3.2. Between-group comparisons and effects of mood

The above results were complemented by direct statistical

comparisons between groups and states. Two-sample t-test con-

trasts between controls and patients in each mood state revealed

significantly lower activation to conflict in BD patients in several

prefrontal, parietal, and subcortical areas (Table 2). During hypoma-

nia, we found a significant reduction of activation in a large network

implicated in cognitive control, i.e., precG/IFG, anterior MCC and pre-

SMA, as well as parietal regions, thalamus, and putamen (Table 2A).

During depression, lower activation to conflict for patients versus

controls was found in the left precG and right IFG (Table 2B and

Fig. 4). During euthymia, patients showed more limited reductions in

activation. A significant decrease in responses to conflict was

observed only in the right MFG, which also demonstrated a Group-

� Load�Congruence interaction in more detailed contrasts (see

Table 2C). An additional analysis of beta values from this region

indicated that patients were actually able to activate the right MFG

for incongruent trials in low load (not high load) conditions,

whereas healthy controls showed both an effect of conflict and an

additional increase by high load in all conditions (see also Fig. 4). The

same interaction was observed in other regions of the control

network, including the pre-SMA/anterior MCC, bilateral prefrontal

and parietal areas, where euthymic patients demonstrated an

increase to conflict in low load conditions but controls exhibited a

stronger effect of conflict in high load conditions.

In contrast to the differential effect of conflict, we found no

difference between controls and patients during euthymia for the

main effects of load (contrast high vs. low), and a difference

limited to the thalamus during depression (Table 2B). Changes

were larger during hypomania, however, with decreased activa-

tion in the IFG bilaterally, the parietal lobe and the thalamus

(Table 2A) relative to the load effect of controls.

Our between-group analyses also confirmed the mood-specific

deactivations to conflict in patients, which were absent in the

controls. Specifically, relative to controls, patients showed a large

conflict-induced deactivation in the rostral ACC during euthymia,

plus a smaller deactivation in the ventral PCC (Table 2C and

Fig. 5a). During hypomania, patients showed significantly greater

deactivation in the PCC, both ventrally and dorsally (Table 2A and

Fig. 5b). During depression, patients showed selective and bilateral

deactivation in the hippocampus in the high load condition (see

Group� Load�Congruence interaction in Table 2B and Fig. 5c).

Finally, two-sample t-tests were also used for direct compar-

isons of brain activity between the mood states within the patient

group (Table 3). Compared with euthymia, hypomania was asso-

ciated with decreased activation to conflict in the thalamus

regardless of load, decreased activation to conflict in the pre-

SMA/anterior MCC in the low load condition, and decreased

activation to high load in lateral prefrontal and parietal areas.

Compared with depression, euthymia was associated with deacti-

vation to conflict trials in the rostral ACC. Of note, at a slightly

more lenient threshold (po0.005 uncorrected), we also observed

a deactivation to conflict in the rostral ACC during euthymia

compared with hypomania (Mood�Congruence interaction), a

deactivation to conflict in the dorsal PCC during hypomania

compared with depression (Mood�Congruence interaction), and

a deactivation to conflict in high load in the left hippocampus

during depression compared with both euthymia and hypomania

(Mood�Congruence� Load interactions). Thus, differential deac-

tivation in the rostral ACC during euthymia, dorsal PCC during

hypomania, and hippocampus during depression were generally

confirmed in the direct comparisons between mood states, but

with lower statistical values in some cases, probably due to our

small population and lack of statistical power.

To summarize, patients with BD showed decreased activation

to emotion-conflict trials in prefrontal control networks, particu-

larly during depression and even more so during hypomania, with

such changes being independent of task load. During euthymia,

patients showed a weaker impairment, with preserved activation

of the control network to conflict observed in the low load

condition only (not high). In addition, unlike healthy controls,

patients showed deactivations to emotion-conflict trials in specific

midline brain regions that varied as a function of mood state.

For completeness, additional results for comparisons involving the

Emotion factors are reported in Supplementary material (Table S7).

3.4. Subsidiary analyses

We examined potential changes in behavioral performance and

BOLD activations due to habituation or learning across repeated

sessions in controls. The session factor had no effect on behavioral

measures and did not interact with the effect of Congruence on

brain activity. It is therefore unlikely that habituation or learning

Fig. 4. Right IFG activity across conditions. Bar graphs show parameter estimates

(mean, standard error) extracted from the right IFG cluster [peak at 45, 14, 22] that

showed a significant Group-by-Congruence interaction in the comparison of

patients during depression vs. controls, and also overlapped with the same

interaction in the comparison of patients during hypomania vs. controls.

G. Rey et al. / Psychiatry Research: Neuroimaging ∎ (∎∎∎∎) ∎∎∎–∎∎∎6

Please cite this article as: Rey, G., et al., Modulation of brain response to emotional conflict as a function of current mood in bipolar

disorder: Preliminary findings from a.... Psychiatry Research: Neuroimaging (2014), http://dx.doi.org/10.1016/j.pscychresns.2014.04.016i



affected the differences observed between the mood states in

patients. Furthermore, due to individual differences in clinical

course, session order did not correspond to the same mood states

across patients.

4. Discussion

The present study used an emotional face-word interference

task in conditions of low and high attentional demands to probe

cognitive control networks in a group of BD patients who were

prospectively followed across different mood states. In healthy

controls we replicated prior findings of activation in a lateral

prefrontal network in response to emotion conflict. In the same

task conditions, patients showed a lower recruitment of this

network, especially during mood disorder episodes. In addition,

unlike controls, they demonstrated significant deactivations in

distinct midline and limbic brain regions as a function of mood

state.

In healthy controls, emotion conflict was associated with robust

activation in a bilateral frontal-parietal network comprising the

MCC and pre-SMA, a network typically active when subjects have

to resolve interference (Nee et al., 2007; Roberts and Hall, 2008;

Ovaysikia et al., 2011; Chechko et al., 2012). The same network also

showed increased activation in high versus low load conditions,

consistent with previous studies that manipulated task demand

(Schwartz et al., 2005; Rottschy et al., 2012). In patients, on the

other hand, we observed very limited recruitment of this control

network on conflict trials. Direct comparison with controls con-

firmed a dramatic reduction of activation in patients, particularly

during hypomania, which affected lateral prefrontal, medial super-

ior frontal and parietal areas, as well as thalamus and putamen.

Patients showed less impairment during depression, with reduc-

tions predominating in lateral prefrontal areas as compared with

controls. During euthymia, the patients demonstrated reduced

activation to conflict in the high load condition only, again

affecting the medial and inferior lateral prefrontal areas.

Importantly, however, during both euthymia and depression,

patients showed a relatively preserved ability to recruit the same

network (bilateral prefrontal and parietal regions, pre-SMA/MCC) in

response to higher task load, suggesting a specific impact of BD on the

processing of emotion conflict rather than task difficulty per se or

poor imaging signal. Furthermore, in these patients, the activation of

cognitive control systems by conflict trials appeared to be limited by

resource availability, hence possible during low load but exhausted in

the high load task. The significant Congruence-by-Load interaction

observed during euthymia accords with this interpretation, as it

reflects a ceiling effect in the recruitment of this control network.

On the other hand, during hypomania, no differential activation to

high load was observed, and the comparison with controls as well as

with euthymia indicated significant decreases bilaterally in the pre-

frontal areas. Thus, in the case of hypomania, the lack of activation to

incongruence may reflect a more general disturbance that manifests

itself beyond the emotion-conflict condition.

Fig. 5. Significant deactivation to conflict trials was observed in patients with BD compared to controls (po0.001 uncorrected). (a) During euthymia, patients deactivated the

rostral ACC in response to incongruent compared to congruent trials, while controls did not (Group�Congruence). (b) During hypomania, patients deactivated the dorsal PCC

in response to the same incongruent trials, while controls did not (Group�Congruence). c) Unlike controls, patients during depression deactivated the right hippocampus in

response to incongruent trials but only in the high load condition (Group�Congruence� Load interaction). Bar graphs show the corresponding parameter estimates of

activity (mean, SE) from these regions, plotted for the healthy controls and patients in the mood condition of interest. Additional data illustrating parameter estimates for all

the three mood states in each region are provided in Supplementary Fig. S8. R: right.
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To our knowledge, our study is the first to investigate brain

function during an emotional picture-word interference task in BD

patients and to do so across different mood states in the same

individuals. However, our findings are consistent with previous

Stroop studies that reported reduced activation to conflict trials in

IFG/MFG, medial SFG/SMA, parietal cortex, and basal ganglia in

euthymic BD patients (Malhi et al., 2005; Strakowski et al., 2005;

Kronhaus et al., 2006; Roth et al., 2006; Pompei et al., 2011).

Stroop-like conflict has rarely been studied during affective

episodes, but decreased activity in the IFG, together with hypoac-

tivation of the basal ganglia, thalamus and/or parietal areas, was

reported during inhibition and emotion categorization tasks in

manic and depressed patients, as well as euthymic patients

(Mazzola-Pomietto et al., 2009; Foland-Ross et al., 2012;

Townsend et al., 2012; Vizueta et al., 2012). Together with our findings,

these studies suggest that functional anomalies in ventrolateral

prefrontal-striato-pallido-thalamic networks (Strakowski et al., 2012)

may persist in BD patients across clinical changes, but to a different

degree depending on mood and available cognitive resources. This

pattern provides important novel insights into the neural circuits

affected by the disorder.

In addition to these functional changes in prefrontal control

networks, our patients also demonstrated relative deactivations in

response to emotion-conflict trials, which affected different areas

depending on mood state. Such deactivations were never observed

in controls. Most notably, when they were euthymic, the patients

exhibited a selective deactivation of rostral ACC on the conflict

trials. Interestingly, deactivation of ventromedial prefrontal areas

and subgenual ACC has been previously reported in euthymic

patients during a color-word Stroop task (Kronhaus et al., 2006).

A central involvement of the rostral ACC in the pathophysiology of

both unipolar and bipolar mood disorders has been documented

(e.g. Holtzheimer et al., 2012; Emsell et al., 2014). The rostral ACC

overlaps with the default-mode network (DMN), which is typically

active during the resting state (Qin and Northoff, 2011), and its

hyperactivity at rest may reflect excessive self-referential proces-

sing (Lemogne et al., 2012). Although we did not assess this

dimension directly, one possible explanation for rostral ACC

deactivation in our study may be that euthymic patients disen-

gaged self-referential processes to a greater extent when they had

to resist interference. Conversely, they appeared much less – or not

at all – able to reduce rostral ACC activity during depression (see

Supplementary Fig. S8).

Instead, during depression, patients exhibited a selective deac-

tivation of the hippocampus in response to conflict trials, specifi-

cally when task demand was high. Previously implicated in BD

(Chen et al., 2011; Vederine et al., 2011), the hippocampus and

adjacent medial temporal regions are involved in episodic memory

retrieval (Huijbers et al., 2011) and also part of the DMN (Buckner

et al., 2008). Decreased activity in hippocampal regions in trials

that require maximal cognitive control might reflect a reduction in

internally generated thoughts and memories, which tend to be

more prevalent and intrusive under less focused attentional

conditions in depressive states (Hertel, 1998; Davis and Nolen-

Hoeksema, 2000; Levens et al., 2009).

Finally, during hypomania, patients exhibited a pattern of

conflict-related deactivation consistent with a task-negative

response of the DMN, involving midline structures in both the

posterior (dorsal PCC/posterior MCC/precuneus) and anterior (ros-

tral ACC and anterior medial prefrontal cortex) brain regions.

Direct comparison with controls also confirmed a significant

deactivation in the PCC, a region thought to signal environmental

changes and the need for commensurate adaptation of behavioral

strategy based on action outcome (Pearson et al., 2011). Thus, a

decreased recruitment of the PCC during conflict processing might

reflect the lack of adequate behavior adjustment during mania –

including insufficient monitoring of and adjustment to errors.

Indeed, when hypomanic, our patients showed lower accuracy in

Table 3

In patients, differential effect of conflict and load depending on mood state.

Anatomical label BA MNI coord. Z pSVC CoordSVC RefSVC

BD depression vs. euthymia: Mood�Congruence

Deactivation to conflict [congruent4 incongruent] during euthymia, not during depression

L rostral ACC 32/10 �12, 41, �2 3.51 0.013 �18, 41, �5 (7)

BD hypomania vs. euthymia: Mood�Congruence

Lower activation to conflict [incongruent4congruent] during hypomania than during euthymia

R thalamus – 18, �25, 7 3.58 0.010 16, �17, 8 (8)

BD hypomania vs. euthymia: Mood� Load

Lower activation to load [high4 low] during hypomania than during euthymia

R MFG/IFG 46 39, 35, 19 3.39 0.021 40, 34, 24 (6)

L MFG 10 �30, 38, 22 3.26 0.029 �38, 34, 30 (6)

L precG 6 �45, �4, 28 3.91 0.004 �44, 1, 26 (6)

L IPL 40 �42, �55, 37 3.47 0.017 �36, �49, 34 (6)

L precuneus 7 �12, �67, 40 3.24 0.030 �18, �72, 42 (2)

BD hypomania vs. euthymia: Mood� Load�Congruence

Activation to conflict [incongruent 4 congruent] in low load during euthymia, not hypomania

L pre-SMA/ant. MCC 32 �9, 17, 43 3.88 0.005 �4, 20, 38 (3)

Deactivation to conflict [congruent4 incongruent] in high load during euthymia, in low load during hypomania

R medial SFG 6/8 9, 8, 64 3.16 0.037 8, 14, 66 (3)

R MFG 8 39, 17, 43 3.23 0.032 45, 12, 40 (1)

R MCC 24/32 6, 11, 31 3.70 0.008 10, 18, 38 (3)

L MCC 24 �12, 2, 37 3.62 0.011 �6, 4, 40 (2)

BD depression vs. hypomania: Mood�Congruence

Activation to conflict [incongruent4congruent] during depression, not hypomania

R MTG 37 48, �40, �8 3.66 0.009 54, �47, �6 (5)

BD depression vs. hypomania: Mood� Load

Activation to load [high4 low] during depression, not hypomania

R IFG/insula 13 42, 26, 10 3.61 0.010 42, 23, 1 (8)

Note: For abbreviations and explanations, see Table 2.
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incongruent trials but not slower responding (or less slowing than

during euthymia), a performance pattern (speed at the expense of

accuracy) consistent with manic impulsivity (Strakowski et al.,

2010).

Taken together, decreased engagement of (especially prefron-

tal) cognitive control networks in response to emotion conflict and

concurrent deactivation of specific components of the DMN

depending on current mood state are consistent with abnormal

dynamics of large-scale brain networks in BD (Chai et al., 2011;

Pomarol-Clotet et al., 2012; Fernández-Corcuera et al., 2013) – a

finding that has been more widely documented in unipolar

depression disorder (Marchetti et al., 2012; Whitfield-Gabrieli

and Ford, 2012). DMN and task-positive networks typically show

reciprocal activations during rest versus task performance, respec-

tively (Fox et al., 2005). Here we found that task-positive networks

were poorly modulated by task-related factors in BD patients,

possibly due to a “saturation” of cognitive resources and reduced

ability to control emotion-related conflicts, whereas components

of the DMN showed abnormally increased (and anatomically

dissociable) deactivations in conflict conditions, which were not

seen in healthy controls.

Though providing novel and robust findings, our study is not

without limitations. These include the relatively modest sample

size (though comparable with other follow-up studies in BD; e.g.

Cerullo et al., 2012); the inherent clinical heterogeneity of BD and

related comorbidities, especially the inclusion of different sub-

types of BD, as well as the mixing of left- and right-handed

subjects; our use of a self-rating scale for evaluation of depression

but a clinician-rated scale for mania; and the fact that we could

not see all 12 patients in the three possible mood states. In

addition, we could not control for potential effects of medication

and its changes over the follow-up period. However, medication

has been shown to diminish behavioral and neural differences

between patient groups and controls (Hafeman et al., 2012), so

that this confound is unlikely to explain our main findings.

Further, and this is the major strength of our work, following such

patients and obtaining adequate task performance in fMRI condi-

tion across several sessions and mood states is rather challenging,

but the current study provides an important first attempt to do so.

Our findings provide new insights into potential pathophysio-

logical processes underlying mood switching in BD, by better

characterizing the functional anomalies of control network that

are sensitive to specific task demands and modulated by mood

state. Conflict-induced deactivations in the rostral anterior cingu-

late, hippocampus, and posterior cingulate might pinpoint neural

substrates that constitute a specific functional signature of brain

changes and mood conditions. In the future, in clinical practice,

one can envision the use of such markers (or related brain-

activation profiles) as additional supports for early detection of

mood switches and adjustment of pharmacological or psychother-

apeutic treatment.
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